We have identified a zebrafish mutant line, bajan, in which compromised motility and fatigue result from a point mutation in the gene coding choline acetyltransferase (ChAT), the enzyme responsible for acetylcholine (ACh) synthesis. Although the mutation predicts loss of ChAT function, bajan inexplicably retains low levels of neuromuscular transmission. We exploited this residual activity and determined the consequences for synaptic function. The attenuated synaptic responses were a direct consequence of a decrease in both resting mean quantal size and quantal content. To replicate behavioral fatigue in swimming, motorneurons were stimulated at high frequencies. A prominent reduction in quantal content, reflecting vesicle depletion, was coincident with a small additional reduction in quantal size. In humans, defective ChAT leads to episodic apnea, a form of congenital myasthenic syndrome characterized by use-dependent fatigue. In contrast to bajan, however, afflicted individuals exhibit a normal resting quantal size and quantal content. The fatigue in humans results from a pronounced long lasting drop in quantal size with little or no change in quantal content.
Introduction
The importance of signaling between nerve and muscle in promoting proper synapse formation is well documented (Sanes and Lichtman, 1999) . Indeed, the list of candidate signaling molecules causal to either pre or postsynaptic differentiation continues to grow. Of particular interest is the role of activity, which, in the central nervous system is thought to play a major role in establishing the early circuitry (Svoboda et al., 2001) . Historically, pharmacology has served as the principal approach to altering activity levels. However, the advent of genetic knockout models offered an entirely new means of altering the components underlying membrane excitability. For example, in mice, complete loss of synaptic activity was achieved through elimination of transmitter synthesis. The results revealed compromised synaptic development in the forms of excessive intramuscular nerve branching and widened endplate bands (Misgeld et al., 2002; Brandon et al, 2003) , pointing to a direct involvement of ACh mediated activity in neuromuscular development. The complete elimination of the transmitter ACh in these animals, however, prevented any direct assessment of the role of synaptic activity on either pre or postsynaptic function. Likewise, the complete loss of postsynaptic ACh receptors results in early embryonic lethality in mammals, thus, once again, precluding functional measurements.
Zebrafish offer a unique opportunity to study the role of synaptic transmission in development of vertebrate synapses through the unexpected longevity of ACh receptor-less mutant lines (Westerfield et al., 1990; Ono et al., 2001; Etard et al., 2005) . Studies of these postsynaptic receptor nulls have indicated a largely normal synaptic morphology. Also, in the 4 only study of its kind, receptor-less synapses were compared to wild type synapses for differences in presynaptic function by use of steryl dyes (Li, et al., 2003) . The in vivo measurements of depolarization-evoked exocytosis from presynaptic nerve terminals indicated no difference between wild type and receptor less fish, arguing against the idea that activation of postsynaptic receptors is required for presynaptic differentiation. Further interpretations were limited because, once again, there was no means to record pre and postsynaptic function. In the present study we report a zebrafish ChAT mutant bajan, which represents the first line in which presynaptic cholinergic function is disrupted. Recordings from larval bajan fish reveal the presence of weak acetylcholine-mediated synaptic transmission, providing a window into the consequences of greatly reduced transmitter for synapse development and function.
Methods
Brian's wild type strain was obtained locally and baj tf247 (Granato et al., 1996) was provided by the Max Planck Institute (Tubingen, Germany). Analysis of touch-induced escape responses utilized a Photon Fastcam high speed CCD camera (San Diego, Ca) . Images (512x512 pixels) were captured continuously at either 1000 or 2000 frames per second over a period of 8 seconds.
For electrophysiological recording, larval fish were used between the ages of 48 and 96 hours post-fertilization (hpf). Individual embryos used in recordings were selected based on motility phenotype and later confirmed by genotyping to be mutant homozygotes (genotyping methods in supplemental material). Prior to recording the fish were anesthetized 5 by a 2-minute treatment with 10% Hanks solution containing 0.08% tricaine methanesulfonate (MS222; Western Chemicals Inc., Scottsdale AZ). The fish were decapitated, transferred to a sylgard coated chamber (Dow-corning, Midland MI) that contained bath recording solution (in mM: 134 NaCl, 2.9 KCl, 2.1 CaCl 2 , 1.2 MgCl 2 , 10 Glucose, 10 Na-HEPES, pH 7.4: approximately 290mOsm). The fish were immobilized by inserting two tungsten pins through the notochord at approximately tail segments 5 and 14 after which the skin between the two pins was removed. In some cases larva were treated with 2M formamide for 5 minutes to prevent muscle contraction, followed by an extensive wash with bath solution. The chamber was mounted on an Axioskop FS upright microscope and viewed with an achroplan 40x water immersion objective (Zeiss, Oberkochen, Germany). The superficial slow muscle layer on the ventral side was removed to gain access to the deeper fast muscle cells by gentle suction using a ~15µm outer diameter glass pipette. For recording of spontaneous mEPCs, 1.5µM tetrodotoxin (Alomone labs, Jerusalum, Israel) was present in the bath solution throughout the recording to block nerve action potentials. The dorsal muscle was removed to expose the spinal cord for simultaneous nerve-muscle recordings of evoked synaptic currents (Wen et al., 2005 ). An EPC 10/2 dual patch clamp amplifier (List Electronics, Darmstadt-Eberstad, Germany) was used to sample data at 50kHz. Synaptic currents were analyzed off-line using Minianalysis (Synaptosoft, Decatur, GA), Pulsefit (HEKA Elektronik, Lambrecht, Germany) or IGOR Pro (WaveMetrics, Lake Oswego, OR) software.
Confocal imaging of larva was performed using a Zeiss LSM 510 Meta System configured on an Axiovert 200 inverted microscope and C-Apochromat 40x water-immersion objective. To label ACh receptors, decapitated larvae were placed in 100% Hanks and the skin along one side of the tail was removed. This was followed by a 15-minute incubation in 0.1 6 µM alpha-bungarotoxin conjugated to either Alexa Fluor 647 or tetramethylrhodamine (Molecular Probes, Eugene OR). The larvae were then washed in toxin-free 100% Hanks for 2 hours with frequent changes of solution to remove non-specific binding of toxin. For staining of acetylcholinesterase, decapitated and skinned larvae were incubated for one hour in a 100%
Hanks solution containing 0.1% BSA and approximately 0.12 µM Fasciculin II (Alomone Labs) that we conjugated to Alexa Fluor 633 (Molecular Probes). Fish were then washed for 1.5 hours in toxin-free 100% Hanks. For imaging, the labeled embryos were mounted in 1% agarose with the intact side (non-skinned) flush against the bottom of a glass coverslip. For comparative purposes, imaging on wild type specimens were optimized first and reapplied to subsequent specimens. Dissociated muscle was obtained from bungarotoxin labeled, skinned larvae by treatment with 10mg/ml collagenase (Gibco) for 30 to 45 minutes. The tail was gently triturated to release muscle cells into glass bottom dishes for microscopy.
For low-resolution positional gene mapping, bulk segregant analysis (BSA) was used to determine the chromosomal linkage. Genomic DNA was extracted from 20 individual bajan homozygote mutant and 20 wild type/heterozygote sibling embryos between 72 and 96 hpf. The DNA was used as template in PCR amplification with 214 pairs of agarose scorable microsatellite markers (Mappairs, Clontech) to scan the genome for linkage. The results of BSA were analyzed with gel electrophoresis and tested for differences in product amplification patterns of each microsatellite marker. Positive markers were retested against the DNA samples from the same individuals used in the mutant and sibling pools. The segregation pattern of amplification products in individual mutants and siblings was used to determine the linkage of the bajan allele to the chromosome on which the positive markers locate.
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To design primers for amplification of the zebrafish ChAT cDNA, a BLAST search was performed using published mouse ChAT protein sequence against the zebrafish genome with the tblastn program (www.ncbi.nlm.nih.gov/BLAST). A potential genomic region was found that coincided with the genomic sequence of zebrafish ChAT predicted by the zebrafish genome-sequencing project database (www.ensembl.org). Using Biology workbench (http://seqtool.sdsc.edu/CGI/BW.cgi), the longest open reading frame was identified within the genomic sequence and the transcript was predicted and compared against published ChAT sequences in other species. Primers for amplifying zebrafish ChAT cDNA were then designed against regions of protein sequences well-conserved across species. Primers used in cDNA amplification and sequencing were: forward 5'-TGTACCTGACATGCATGGGTCACC-3' and reverse 5'-ATCTGAGCTGGTCTCCGCACATTC-3'. Both 5'and 3'ends of the ensemble predicted ChAT transcript was not well conserved among different species. In order to amplify the 5' and 3' end of zebrafish ChAT, 5'-and 3'-rapid amplification of cDNA ends (RACE) were performed using Switching Mechanism At 5'-end of RNA Transcript (SMART, Clontech) kit. The PCR products were then gel purified and TOPO cloned for sequencing.
After acquiring the complete encoding sequence of zebrafish ChAT from the RACE results, the full length ChAT cDNA (Gene Bank accession number EU660883) was amplified using primer pairs; 5'-TCTTCAACTTTGAGGATGCCAGTTTC-3' and 5'-TCCTGCGTCTTATGACTTGCTTCC-3' Two morpholino oligonucleotides directed against ChAT were tested for their ability to phenocopy bajan motility dysfunction. One morpholino was directed against the translational start site (5'-GAAACTGGCATCCTCAAAGTTGAAG-3') and a second against the splice site where the bajan mutation occurred (5'-8 ATCATACACCTAACACAATGATCAG-3'). Prior to injection, the morpholino stock solution was heated at 65˚C for 5 minutes and mixed with Fast Green dye (Sigma) before diluting to a final concentration of 2 mM. For the splice site morpholino, 0.5 nanoliters of DNA was pressure injected into the yolk of one-to four-cell stage wild type embryos. At 48-72 hpf, injected embryos were sorted based on their motility phenotype and further analyzed with RT-PCR and sequencing. Rescue of the bajan phenotype was performed by injecting synthetic RNA. All the eggs born to a pair of bajan heterozygous parents were injected with ~100 pgrams of wild type ChAT mRNA. At 48-72 hpf, embryos were assessed and counted based on their motility phenotype. All embryos that displayed normal escape response were genotyped (see supplemental material).
For immunohistochemistry, larvae were fixed overnight at 4˚C in phosphate buffered saline (PBS) containing 4% paraformaldehyde. Larvae were then decapitated to increase accessibility to the tissue and washed in distilled water to dissolve salts. Following acetone treatment for 7 minutes at -20˚C, larvae were rinsed in distilled water and transferred to a PBS solution containing 0.5% Triton-X, 2% goat serum and the antibody of choice for overnight incubation at 4˚C. The larvae were then washed extensively in PBS containing 0.5% Triton-X for 2 hours after which 1:1000 Alexa 488-conjugated secondary antibody (Jackson Labs) was added. Following overnight incubation at 4˚C the larvae were washed extensively in PBS containing 0.5% Triton-X. Antibodies utilized were anti-ChAT (1:50, Millipore Corp, Billerica, MA.), anti-SV2 (1:100) and mixed anti-znp-1/zn-1 (1:10, Developmental Studies Hybridoma Bank; University of Iowa). In some cases, the ACh receptors were labeled with 0.1 µM alpha-bungarotoxin which was added to the secondary antibody incubation 15 minutes prior to the final wash series.
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All data presented was expressed as mean ± standard deviation and all statistics utilized non-paired t-test.
Results

Identification of the bajan mutation
Identification of the bajan mutation utilized a combination of genetic and electrophysiological approaches. Electrophysiological recordings indicated that spontaneous synaptic currents were unusually small, pointing to a potential defect in synaptic transmission.
Because initial analysis of postsynaptic receptors by fluorescent conjugated alphabungarotoxin showed no obvious defect, the likely mutation was presynaptic. Candidate proteins were vesicular acetylcholine transporter (VAchT) and choline acetyltransferase (ChAT), both of which would be expected to reduce quantal size. Bulk segregant analysis (BSA) was then used to quickly assign the bajan allele to a specific chromosome. For this purpose, 214 simple sequence length polymorphism (SSLP) markers were screened by PCR from genomic DNA pools composed of either 20 identified motility mutants or 20 normal siblings born to the same bajan heterozygous parents. Marker Z17223 showed non-random segregation of the mutant allele (TL) in the mutant group and sibling groups, indicating linkage between the bajan mutation and chromosome 13. Examination of the zfin database confirmed that the VAchT and ChAT genes were both located on chromosome 13.
Sequence of the VAchT DNA in bajan mutants revealed no differences in the Two different stereotypic motility responses were quantitated to characterize the bajan motility defect. First, the spontaneous coiling responses from dechorionated wild type and mutant embryos were compared between 23 and 30 hpf. All of the wild type embryos (n= 89) displayed at least one spontaneous tail contraction during the 5-minute observation period.
When the offspring of bajan heterozygotic parents were examined approximately 1 out of 4 larvae lacked coiling movements. All of these larvae were subsequently confirmed to be mutant homozygotes (data not shown). Second, high speed imaging of escape responses in 48-72 hpf wild type and bajan fish were compared for differences in touch avoidance and subsequent swimming behavior (Figure 2 ). Upon a single touch on the tail, wild type larvae responded with an initial C-bend which peaks at around 20 msec after stimuli, followed by a more variable second bend to the opposite side and alternating tail beats. The delay between the stimulus and onset of the response appeared to be normal in bajan fish. However, in mutant fish the fast stereotypic initial C-bend was greatly attenuated and the alternating tail beats were barely visible, resulting in an abortive swimming. The escape responses of bajan heterozygotes were indistinguishable from those of wild type fish.
To determine whether the ChAT mutation underlies the bajan phenotype, we injected wild type fish with morpholino DNA at the single cell stage to knockdown ChAT expression.
The ChAT morpholino was designed based on the intron-exon border sequence that flanks the bajan point mutation (www.gene-tools.com). The high-speed images of touch-elicited escape response from the splice morpholino injected 48-72 hfp wild type fish showed incomplete initial bend and weakened subsequent tail contractions, both characteristic of bajan ( Figure 2 ).
RT-PCR analysis from the splice morpholino injected fish showed successful disruption of pre-mRNA splicing and absence of wild type product. Different from the mutant pattern, the splice morpholino created a single mis-spliced product, corresponding to the smallest-sized band in the mutant (Figure 1 ). Sequencing the product showed a complete match to the shortest mutant transcript. We also tested a morpholino directed against the translational start site of ChAT and obtained different results. A large number of experiments were undertaken to optimize the amount of morpholino injected into wild type. There appeared to be threshold of about 2.0 ng for the injection, below which the injection produced no phenotype in any of the injected embryos while amounts above the threshold killed more than half of the embryos and induced extensive morphological defects in the survivors.
As independent evidence that the bajan phenotype results from the disruption of the ChAT gene, wild type ChAT mRNA was injected into 163 embryos born to heterozygote parents. Injected larvae were evaluated for touch response at 48-72 hpf by high-speed imaging. More than 90% (147/163) of the larvae showed normal touch response with multiple strong alternating bends (Figure 2 ) as compared to 75% predicted by Mendelian genetics, suggesting successful behavioral rescue. The remaining 10% (16/163) of the larvae displayed a motility phenotype much less severe than the bajan homozygotes. Genotyping all the individual larvae that showed normal escape response revealed the existence of mutant homozygotes among them, confirming successful behavioral rescue.
All three transcripts in bajan predict truncated protein products due to premature stop codons, resulting from frame shifts. All of these truncated forms would be predicted to be 
Postsynaptic development in bajan
To determine potential consequences of the ChAT mutation on synapse development, 72-96 hpf bajan and wild type larvae were labeled with both presynaptic and postsynaptic markers ( Figure 4A ). Presynaptic terminals were labeled effectively with an antibody directed against the vesicular protein SV2 and postsynaptic ACh receptor clusters were labeled using fluorescent conjugated alpha-bungarotoxin. Both bajan and wild type larva showed well-developed postsynaptic receptor clusters that were coincident with the presynaptic SV2 label. To the eye there were no discernable differences between wild type and bajan in terms of numbers or sizes of clusters ( Figure 4A ). Additionally, there was no obvious difference in the staining patterns of motor neuron terminals ( Figure 4B ). However, it was not possible to determine which clusters were associated with an individual muscle cell 13 in the intact tail. Therefore, to better determine whether differences exist, quantitation of both receptor cluster number and cluster size was performed on acutely dissociated muscle cells labeled with fluorescent alpha-bungarotoxin ( Figure 4C ). For the purpose of direct comparisons between paired wild type and bajan muscle, the confocal settings were held constant and z stacks were generated for each cell. No significant difference in cluster number (p>0.05) was found between wild type (7.19 ± 1.33; n=6) and bajan (5.49 ± 2.02; n=14) fish. However, a small but significant increase in mean area for individual clusters (p=0.0018) was observed for bajan (2.45±1. 89µm 2 ; n=144) compared to wild type (1.79±1.13µm 2 ; n=102) larvae ( Figure 4D ).
Synaptic currents in bajan
Whole cell voltage clamp recording from fast skeletal muscle of the tail was used to test for functional defects in neuromuscular transmission associated with the ChAT mutation.
Spontaneous mEPCs from bajan and wild type fish at 72-96 hpf ( Figure 5A ) both exhibited a fast rising phase and a slower single exponential decay. To determine whether quantitative differences existed, the 10-90% rise time and decay time constant for each mEPC were determined. The frequency histograms for rise times and decay time constants for the representative wild type and bajan fish indicated no differences ( Figure 5A ). By contrast, the distribution for peak amplitudes indicated an approximately 2.5-fold difference between the mutant and wild type ( Figure 5A ).
The mean values for amplitude, rise time and decay time constants for each individual recording were then compared for wild type and bajan ( Figure 5B Simultaneous recordings from primary motor neuron and target skeletal muscle were performed to compare EPCs in wild type and bajan fish (Wen and Brehm, 2005) .
Comparisons of the action potential waveforms of primary motorneurons revealed no obvious differences between bajan and wild type fish ( Figure 6A (Fig 6B, p<0 .001). To determine whether quantal content was altered in response to the reduced quantal size, the mean quantal content was determined by the direct method of dividing EPC amplitude by the mEPC amplitude. The mEPCs in vivo are distributed in a simple bell shaped distribution and most, if not all can be resolved due to near isopotentiality and large amplitude ( Figure 7A ). Therefore, this method provides a reliable indicator of the number of unitary events that compose a single evoked response. The mean quantal content was significantly reduced in bajan (5.8±2.6, n=11
recordings) compared to wild type (9.1±3.5, n=23; p=0.005).
Bajan fish undergo use-dependent fatigue in swimming. To examine the underlying basis for the fatigue we tested the responses to high frequency stimulation. In both bajan and wild type fish motorneurons were able to follow 100hz stimulation by generating action potentials (not shown), but within 10 seconds of stimulation the endplate currents exhibited failures associated with vesicular depletion ( Figure 8A ). To determine whether quantal size changed during depletion we compared the distribution of spontaneous mEPCs at resting state to that obtained during the final phase of stimulation, a time corresponding to frequent failures (>95% action potentials do not elicit any EPC responses). Measurements of mean quantal size from the overall wild type distribution corresponded to 536±90 pA (n=9 cells, Figure 5B) with no stimulation and 542 ±135pA (n=13 cells) during the final phase of the depletion protocol ( Figure 8B ). These values were not significantly different. For bajan, the values corresponded to 205±73 pA (n=14 cells) prior to stimulation and 149 ±48pA (n=12 cells) after stimulation. These values reflected a small but significant difference (p=0.03). As an alternative approach, we measured the amplitudes of the first EPC to recover following depletion for comparison. For bajan a mean value of 168±85pA (n=9) also appeared slightly smaller, however was not significantly different from the resting mean size (p=0.29).
Source of neurotransmitter in bajan
All three ChAT transcripts in bajan are truncated and predicted to result in nonfunctional peptides. Thus, the expectation on the basis of the mutation would be elimination of synaptic transmission and paralysis in bajan homozygotes. However, neurotransmission and limited motility were observed for all bajan mutants tested. Treatment with 1µM alpha bungarotoxin completely eliminated synaptic currents in bajan, indicating 16 that all transmission was cholinergic. One potential alternative mediator of neuromuscular transmission was the weak agonist choline. Unlike the native transmitter, choline would be resistant to hydrolysis by cholinesterase. Therefore, to directly test whether ACh was responsible for mEPCs and EPCs in bajan, synaptic responses were recorded prior to and after inhibition of acetylcholinesterase (AChE) (Figure 9 ). To inhibit AChE function muscles were treated with fasculin II toxin (Fas II), a potent inhibitor of AChE. Fluorescent conjugated Fas II colocalized with alpha-bungarotoxin labeled synapses in both bajan and wild type fish ( Figure 9A ). Therefore, we tested the ability of Fas II treatment to alter the synaptic current kinetics. Examination of the scatter plots for decay time constants from fast muscle cells revealed a pronounced prolongation of the distributions for both wild type (1.8 fold; n=14)
and bajan (1.7 fold; n=12) larvae following FAS II treatment ( Figure 9B ). Similar results were obtained using the irreversible ACHE inhibitor methanesulfonyl fluoride (data not shown).
The source of the ACh is unclear in light of the fact that none of the ChAT transcripts predict a functional enzyme. One potential source of transmitter is maternally derived ChAT protein and/or transcript and this idea is consistent with electrophysiological measurements over the first 3 days of development. The average mEPC amplitude recorded at 48, 72 and 96 hpf was relatively constant in wild type fish ( Figure 9C ), whereas bajan larvae exhibited a significant decrease in peak amplitude between 72 and 96 hpf ( Figure 9C ). A weakening in neurotransmission was further reflected in the decreasing mEPC frequency in bajan over the same time period ( Figure 9C ). However, immunohistochemical staining of ChAT protein failed at 48 hpf as did Western blot measurements at all ages precluding quantitative determination of protein levels. As an alternative approach, semi quantitative RT-PCR was used to detect full length ChAT mRNA. A weak band was detected in larval bajan, corresponding to an estimated 0.4% of the levels seen in wild type fish ( Figure 9D ; see supplemental material for methods). Transcripts were not detected at either the one-cell or 16-cell stage and appeared to increase up to 48 hpf, inconsistent with maternally derived transcripts. These measurements were only semi-quantitative because real time qPCR amplification requires a single product, which was not possible in our case. Thus, it appears likely that low levels of functional ChAT were being synthesized in bajan due to a small amount of wild type ChAT transcript that was correctly spliced from the mutated gene.
Discussion
Our finding that a mutation in ChAT is causal to the bajan phenotype adds another locomotory mutant to the rapidly growing list of fish with neuromuscular defects.
To date, mutants isolated on the basis of motility dysfunction have been shown to affect diverse aspects of neuromuscular transmission including genes required for receptor expression (Westerfield et al, 1990; Ono et al., 2001; Ono et al., 2004) , receptor clustering (Ono et al., 2002) , transmitter release (Woods et al., 2006) and now transmitter synthesis.
Unlike most of the motility mutants identified thus far, however, bajan appears to be a hypomorph and retains low levels of ChAT function. The function is preserved despite the fact that bajan contains a splice site mutation and all of the ChAT transcripts that were sequenced are predicted to be functional nulls. The possibility that choline mediates the transmission in bajan was ruled out by our demonstration that cholinesterase plays an active 18 role in shaping the synaptic kinetics. The possibility that additional ChAT genes might be present in the zebrafish genome is also unlikely. Blasting a highly conserved portion of the protein sequence surrounding the enzymatic center in ChAT against the entire zebrafish genome yielded a single predicted gene. There are other members of the acetyltransferase family, all of which are capable of catalyzing reactions between acetyl-CoA and another substrate (Jogl 2004; Ramsay and Naismith, 2003) . One of the family members, carnitine acetyltransferase has been shown in vitro to catalyze the acetylcholinesynthesis reaction with approximately 100 times less affinity for choline (Goodman and Harbison, 1981) . However, the lack of choline acetylating activity by the brain lysates and the complete absence of synaptic responses in ChAT knockout mice argues against the involvement of an enzyme other than ChAT (Misgeld et al, 2002) .
Maternal contribution of ChAT was also considered as a possible source of residual transmission. However, no direct support for this idea was provided by RT-PCR analyses using multiple primers that were designed to detect full length ChAT mRNA. Instead, the primers identified a weak band in bajan, corresponding to an estimated 0.4% of the levels seen in wild type fish. Furthermore, the levels of ChAT mRNA rose during development and this could only happen if the homozygous bajan fish were able to transcribe their own ChAT mRNA. So it appears likely that low levels of functional ChAT were being synthesized in bajan due to a small amount of wild type ChAT transcript that was correctly spliced from the mutated gene. Bajan motility was phenocopied by a morpholino directed against the splice site of ChAT, but morpholinos directed against the ChAT start site were lethal, indicating that total loss of function is likely not tolerated. This may explain why only a single allele of bajan was isolated in the Tuebingen motility screen (Granato et al., 1996) and also why there 19 have been no ChAT zebrafish mutants identified in any other screens thus far. Our data further indicate that only small levels of ChAT activity are required to support synaptic transmission.
We realized that the effects of reduced activity could provide new information on synapse development. There has been a long history of studies that sought to link neurotransmission to synapse development (Sanes and Lichtman, 1999) . In general, studies in mammals have been hampered by an inability to completely block neuromuscular activity for sustained periods of time. For example, postsynaptic receptor nulls have never been generated in mammals and chronic pharmacological block of receptors is not well tolerated in vivo. However, neuromuscular synapses in mice were recently silenced by genetic elimination of ChAT and therefore acetylcholine (Misgeld et al., 2002; Brandon et al, 2003) .
Unexpectedly, excessive branching occurred resulting in increased size and numbers of synapses in diaphragm muscles, pointing to a direct role for ACh. Likewise, bajan showed evidence of increased postsynaptic area but the numbers of synapses were not increased.
One possibility to explain this difference is that zebrafish tail muscle is normally multiply innervated. Alternatively, it is possible that 40% of residual synaptic activity in bajan is sufficient to promote proper synapse number. In support of the latter idea are many studies
showing that low levels of synaptic transmission are adequate to prevent ACh supersensitivity, a process known to be activity regulated (Cangiano, 1985) .
Of particular interest is the role of ACh-mediated activity in establishing presynaptic function. Activity-dependent modulation of presynaptic release machinery at the neuromuscular junction has been well described in Xenopus nerve-muscle co-cultures (Fitzsimonds and Poo, 1998) . ACh release from the developing spinal neurons appeared 20 greatly potentiated once the growth cones came into contact with the myocytes and the potentiation was inhibited by transient blockade of postsynaptic AChR activity (Liou et al., 1997; Liou et al., 1999; Wan and Poo, 1999) . Neuromuscular formation plays a further role in altering the ion channel composition of spinal neurons (Nick and Ribera, 2000) . Activity dependent adaptive mechanisms have also been described in vivo wherein chronic injection of alpha-bungarotoxin leads to an inverse relationship between quantal content and the amplitude of the synaptic potential (Plomp et al, 1992) . Similarly, mice that have been genetically altered to have reduced postsynaptic AChR density exhibit a compensatory increase in quantal content (Sandrock, Jr. et al., 1997) . Thus, much evidence exists in support of postsynaptic ACh receptors serving in a feedback role to alter presynaptic release. Bajan offers the unique opportunity to explore this issue due to the residual ACh mediated synaptic activity.
Measurements of rise and decay times revealed no differences in either spontaneous or evoked synaptic currents. Additionally, in contrast to expectations, we found a slight reduction rather than increase in the quantal content. Overall, it appears that a 60% reduction in synaptic response is well tolerated in terms of synaptic function, despite the fact that motility is severely compromised.
Humans with defective ChAT suffer from episodica apnea, a form of congenital myasthenic syndrome (Ohno et al., 2001; Miselli et al., 2003; Schmidt et al., 2003) . Like bajan, a single mutant copy is asymptomatic but double mutants exhibit fatigue in response to repetitive stimulation or exercise. In both, progressive weakness associated with exercise results from a decrease in EPC amplitude during repetitive firing of motorneurons. However, the findings from symptomatic humans and bajan disagree with respect to the underlying mechanisms. In CMS patients, recordings from biopsied muscle pointed to a near normal resting quantal size, which dropped sharply in response to repetitive stimulation (Ohno et al., 2001; Miselli et al., 2003) . These findings from human subjects have led to the proposal that the major adverse effect of reduced ChAT activity is vesicle refilling, which is too slow to keep up, even under modest stimulus conditions. In bajan, however, the initial resting quantal size was greatly reduced compared to wild type fish. Furthermore, unlike humans, measurements of quantal size during high frequency stimulation, adequate to deplete vesicles, indicated little or no further decrease. Instead we observed a drop in quantal content, reflecting reduced probability of exocytosis. So the combination of a smaller, but fixed quantal size along with frequency-dependent reduction in quantal content is causal to the reduction in EPC amplitude and associated fatigue in bajan.
Because there is no a priori reason why vesicle filling should be different in fish and humans, we considered possible underlying explanations. Normally, ChAT is present in amounts that are in excess to those required for effective conversion of choline to acetylcholine. In fact, synthesis of ACh is thought to be rate limited by the availability of choline, not the rate of conversion (Kuhar and Murrin, 1978) . So normally ChAT is able to keep up with the supply provided by the plasma membrane choline transporter. Thus, a 50% reduction in ChAT is without effect in fish and humans (Ohno et al., 2001; Miselli et al., 2003; Schmidt et al., 2003) . However, homozygotic bajan fish likely experience a much greater reduction in ChAT than thought to occur in perhaps all but the most severely affected human patients. In fact ChAT levels in bajan are likely to represent <1% of normal and such low levels might be required before effects on resting quantal size are seen. 
Supplemental material
Genotyping bajan mutants
Derived cleaved amplified polymorphic sequence (dCAPS) analysis was performed to confirm the single nucleotide transition as the mutation in each individual mutant fish, as well as to establish a means of genotyping the embryos. Using the online program dCAPS finder 2.0 (http://helix.wustl.edu/dcaps/dcaps.html), primers were designed to introduce additional enzyme restriction site in wild type. PCR amplification of the 216 bp region encompassing the mutation and the additional restriction site was followed by DdeI enzymatic digestion and gel analysis. Since the forward primer introduced one mismatch to the sequence to create an additional DdeI restriction site in the wild type product, the wild type allele produced three bands at 119, 69 and 28bp while the mutant allele showed two bands at 147 and 69bp. In 300 individual mutant fish, dCAPS showed identical results, supporting the A to C switch to be the point mutation in bajan.
Semi-quantitative RT-PCR to detect the presence of wild type ChAT transcript in bajan
The primers used in RT-PCR reaction were specially designed to improve the amplification of the wild type ChAT transcript in bajan cDNA. Since the three mutant transcripts covered the whole sequence of the wild type ChAT mRNA, there are no unique primers that anneal only to the wild type transcript. To solve this problem, primers were designed to target a region that is 168 bp long in the wild type transcript but also present in the longest bajan transcript that includes the wild type coding sequence plus a unspliced intron of approximately 1.2 Kb (Figure 1 ). These special primers not only eliminated the amplification from two other major mutant transcripts, thereby facilitated the amplification of the wild type transcript, but also enabled the easy distinction between the wild type and mutant products on gel electrophoresis analysis. The extension time in the PCR protocol was also limited to 30 seconds for preferential amplification of the shorter wild type product.
RT-PCR analysis was done in 24 hpf to 96 hpf wild type and mutant embryos. A single product of 168 bp was amplified from 24 hpf to 96 hpf wild type cDNAs. In bajan, a very faint band at the correct size was amplified from the mutant cDNAs at all 4 ages, revealing the presence of wild type ChAT mRNA transcript in bajan mutants throughout the first few days of embryo development. To estimate the relative amount of wild type ChAT mRNA present in the mutants, a more quantitative measurement such as real-time PCR is needed. However, quantification of the templates with real-time PCR requires the amplification of a single product in the reaction, which is not possible in this case. Therefore, we resorted to a semiquantified PCR amplification to estimate the level of wild type transcript in the mutants.
Semi-quantification of the reaction was achieved by careful controls in multiple steps throughout the RT-PCR procedure. First, total RNA extractions were performed from a variable number of embryos at different ages to minimize the difference in the amount of harvested RNA. Second, the reverse transcription started from an equal amount of total RNA for embryos of all ages. Third, we modified PCR protocol to favor the amplification of the short wild type product. Fourth, we tested the PCR reaction with different amplification cycles to find a non-saturating phase. Fifth, we used β-actin as a semiquantitative internal control for equal amount of cDNA template and equal loading for gel electrophoresis. Combining all the measures above, based on the difference in PCR amplification cycle numbers, the amount of
